Microbial organic matter associated with rumen participate and fluid phases was quantified using '''N as the microbial marker in two rumen flstulated cows fed a 65% alfalfa haylage diet. During two collection periods, feed was removed l h after initiation of feeding, and cows were dosed with ( '''NH,) ,SO,,. Whole rumen contents were sampled before feeding and at various times up to 12 h after feeding. Fluid microorganisms were those that passed through eight layers of cheesecloth. Particle-associated microorganisms were obtained by chilling squeezed particles prior to seven successive extractions with saline solution. The amount of microorganisms removed from particles ranged from 32.1 to 59.9% as measured by I5N. Organic matter (mg/mL strained rumen fluid equivalent) of fluid and particle-associated microorganisms was respectively: 10.7 and 47.5; 12.5 and 35.5; 12.2 and 30.1; 10.7 and 26.1; 10.9 and 26.7; and 8.9 and 20.6, at 2, 3, 4, 7, 9 and 11 h after initiation of feeding. These ratios indicated that 70â€"80% of microbial organic matter in whole rumen contents was associated with the participate phase and that particle-associated microbial organic matter was greatest soon after feeding. Analysis of I5N in extracted rumen particles indicated that 50â€"65% of particle nitrogen and 17â€"27% of particle dry matter was of microbial origin. These results provide evidence that particle-associated microorganisms make up a major proportion of the total microorganisms in ruminai ingesta and that a large proportion of ingesta particle N can be of microbial origin. J. /Vu/r. 117: 56â€"62, 1987.
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Results from electron microscopy work indicate that a large number of bacteria (1), protozoa (2) and fungi (3) are attached to undigested feed particles in the rumen. All of these attached microorganisms seem to play a role in digestion of plant cell walls (4). Orpin (5) found that in vitro bacterial attachment to hay particles was rapid, and maximum attachment occurred within 15 min. Also, in vitro digestion rates (6) and volatile fatty acid (VFA) production (7, 8) have been enhanced by including particulate microorganisms in the in vitro medium.
Quantitative information, although limited, indi cates that microorganisms associated with particles may constitute a large proportion of the rumen microbial population. Forsberg and Lam (9) found that 75% of microbial ATP was associated with the rumen partic ulate fraction of whole rumen contents obtained from a cow consuming a hay diet. When the cow was fed a grain diet, less ATP was associated with the particulate fraction. Merry and McAllan (10) , using diaminopimelic acid (DAPA) as a microbial marker, estimated that 50% of bacteria were associated with undigested particles in the rumen approximately 16 h after steers consumed a barley and hay diet.
If a significant proportion of the total rumen micro organisms are associated with undigested particles, measurements pertaining to rumen microbes should be obtained from particulate as well as fluid populations. The goal of this study was to quantify rumen micro organisms associated with the particulate and fluid phase at various time points after feeding cows a forage-based diet.
MATERIALS AND METHODS
Two lactating Holstein cows equipped with rumen fistulae were fed every 12 h. Diet dry matter (DM) con sisted of 65% alfalfa haylage [International Feed Num ber (IFN) 3-00-217], 30% high moisture corn (IFN 4-20-770) and 5% soybean meal (IFN 5-20-637). The alfalfa haylage contained 60% DM. Feed was available for 1 h after which any uneaten feed was removed. Cows were fed in this manner for 10 d before initiation of the first collection period. There were two collection pe riods, 14 d apart. During each collection period, DM consumption averaged 2.3% of body weight per 24-h period. Whole rumen contents (WRC) were sampled before feeding, immediately after feed removal and 1, 2, 3, 4, 6, 8, 10 and 12 h after feed removal. Immediately after feed was removed, cows were dosed with 200 mL distilled water containing 2 g of 15N enriched ammo nium sulfate (73% enriched, Monsanto Company, Mound Facility, Miamisburg, OH) and 500 mL of chro mium ethylenediaminetetracetic acid (EDTA) contain ing 20,000 ppm chromium. To obtain a representative sample of rumen contents, WRC subsamples were taken from 10 different locations using a 60-mL container. One subsample was from the reticulum and the other nine were from caudal, medial and ventral locations in the rumen.
Subsamples were composited, weighed and squeezed through eight layers of cheesecloth. The amount of strained rumen fluid (SRF) obtained was measured in a graduated cylinder and recorded. In order to remove residual fluid microorganisms not removed by the squeezing process, the particles were washed once with 0.85% wt/vol saline solution (equivalent to 20% of the volume of SRF obtained). The wash solution was added to the strained rumen fluid. This washing process may have also removed some of the particle-associated mi croorganisms. However, the the fluid population was defined as microorganisms obtained in SRF plus one particle wash. A 40 mL aliquot was transferred to a vial containing 1 mL saturated mercuric chloride. The sam ple was chilled and centrifuged (30,000 x g, 10 min, 4Â°C). Resulting supematants were analyzed directly for chromium by atomic absorption spectrometry and for ammonia and total free amino acids (11) . Mean dilution rate of chromium EDTA and rumen liquid volume were 0.138/h and 81.4 L, respectively.
To prevent microbial lysis, a final concentration of 0.5% wt/vol formaldehyde was included in the SRF plus saline wash solution. This concentration was lower than the 7.4% wt/vol formaldehyde level used by Isaac son et al. (12) . Preliminary data indicated that 0.5 to 1% wt/vol formaldehyde was adequate for recovering maximum microbial organic matter and nitrogen. After addition of formaldehyde, the solution was chilled at 4Â°Cbefore centrifugation.
Particle-associated microorganisms were defined as those remaining on particles after obtaining SRF plus one particle wash. Microorganisms were removed by the following procedure. Approximately 100 g of squeezed particles (wet basis) were weighed into a ves sel containing 600 mL of extraction solution (0.85% wt/vol saline containing 0.5% wt/vol formaldehyde and 0.1% wt/vol Tween 80). After chilling for approxi mately 24 h, contents were strained through eight lay ers of cheesecloth. Particles were then resuspended and washed seven times with 250-mL volumes of the ex traction solution. Hence, a total of 2350 mL of solution was used in removing microorganisms from each 100 g sample of squeezed particles.
Microbial deposits were obtained for both popula tions by centrifugation (30,000 x g, 30 min, 4Â°C). De posits were washed once with 0.85% wt/vol saline so lution and recentrifuged. All microbial deposits and particle samples were lyophilized and allowed to equil ibrate at room temperature for 3 d before determination of organic matter (OM) and DM (13) . Data for fluid microorganisms were expressed as mg OM per milliliter SRF. The amount of SRF collected during the straining procedure ranged from 230 to 435 mL, and 250 mL were centrifuged when possible. Microbial de posits ranged from 1.5 to 4.1 g OM. Total nitrogen (N) was determined by Kjeldahl digestion followed with NH3 assay by colorimetry (13) .
Microbial enrichment of 15N was determined by mass spectrometry (14) . The enrichment in each population was measured to investigate changes after a pulse dose of 15N and to determine if fluid microbial 15N enrich ment was indicative of that of particle-associated mi croorganisms. During the first 4 h after dosing, fluid microorganisms had a higher 15N enrichment than the particle-associated population ( Fig. 1) . From 6 to 12 h after dosing, 15N enrichment was similar for both pop ulations. Therefore, for several hours after dosing, 15N enrichment of fluid microbes did not reflect that of particle-associated microbes. In this study, 15N enrich ment of particle-associated microorganisms obtained at specific times was used as a marker to quantitate microbes removed from particles. To estimate total amounts of microbes associated with particles, nonammonia nitrogen (NAN) and NAN-15N were deter mined on nonextracted particles. Ammonia was re moved from particles by adding 5 mL l N KOH to approximately 0.4 g of particles contained in a 250-mL Kjeldahl digestion tube. Samples were placed in a 50Â°C oven for 1 h to volatilize ammonia. Preliminary trials using (NH4)2SO4 and asparagine indicated that 99% of ammonia and 3% of asparagine N were removed using this procedure.
The particle-associated microbial mass was ex pressed as mg OM/mL SRF equivalent and computed using the equation:
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TI u r uniil i8 10 12ae FIGURE l Enrichment of 15N in fluid (â€¢) and particle-associated (A) microorganism after pulse dose with 15N. Pooled SEMfor fluid and particle-associated microorganisms were 0.011 and 0.010 jig 15N, respectively.
where mg deposit OM is obtained after centrifuging 1500 mL of extraction solution; PDME/PDMC is the fraction of total particle dry matter collected which was extracted; the constant 0.64 is fraction of volume ex tracted from which particle-associated microorganisms were harvested (1500 mL/2350 mL); 15N ree is the pro portion of particle-associated NAN-15N extracted and recovered in the microbial deposit; and SRF col is the original volume of SRF collected. The 15N ree was cal culated by dividing total 15N in particle-associated mi crobial deposit by total NAN-1SN added to extraction jar. Using the volume of SRF as the final denominator allows for comparison of both populations on an equiv alent ruminai basis. Using this approach, it is not necessary to assume that the composition of 15N enrichment of the two microbial fractions is the same or that every organism incorporates 15N ammonia. It is assumed that the com position and 15N enrichment of microbial fractions iso lated by these techniques are representative of the fluid and particle-associated total microbial pools in the in vivo rumen. Also, the assumption is made that nonmicrobial contamination is not sufficient to invalidate measurements of microbial fractions. Since micro scopic feed residues can contaminate microbial depos its, many researchers use differential centrifugation, discarding the protozoa and particulate fractions sedimenting at slow speeds and retaining the bacterial frac tion subsequently pelleted at high speeds. Differential centrifugation was not used in this study since the goal was to measure total microorganisms in both popula tions. Protozoa and fungi that sediment at slow speeds can play an important role in rumen function, and bac teria are also present in the form of clumps that sedi ment with protozoa and small particles (Olubobokun, J. A. & Craig, W. M., unpublished data and rÃ©f. 15). A preliminary experiment in which cows consumed a diet similar to that fed in this study, and in which SRF was filtered through eight layers of cheesecloth, indicated that the protozoal fraction (500 x g for 5 min) contained approximately twofold more dry matter than the bac terial fraction (30,000 x g for 30 min). The N content of the protozoal fraction was only slightly lower than that of the bacterial fraction (7.2 vs. 7.8% of DM), in dicating feed particle contamination was not much greater in the protozoal fraction. Therefore, total mi crobial mass was more accurately measured by cen trifugation of strained fluid at 30,000 x g for 30 min.
Chemical changes in the two populations over the feeding period are reported in another publication (16) . The N concentration in both fluid and particulate mi crobial extracts ranged from 6.4 to 9.7% of organic mat ter and was within the range reported for rumen bac teria (17â€"19). Lower N concentrations for both populations were obtained soon after feeding and were due to a dilution effect caused by accumulation of high levels of storage polysaccharide (16) . Others have shown that N levels of rumen bacteria decrease due to large increases in nonstructural carbohydrates soon after feeding (18, 19) .
Data were analyzed by least-squares procedures as outlined by Steel and Torrie (20) . A completely random ized one-way analysis of variance was used to test if differences were observed over time. When differences were detected (P<0.05), means were compared by Fish er's protected LSD (20) . Differences between SRF and particle-associated microbial organic matter across time points were tested with paired t-tests.
RESULTS

Recovery of particle-associated
NAN-15N with the extraction procedure is presented in Table 1 . As indi cated by NAN-15N extraction, 32 to 52% of particleassociated microorganisms were recovered from par ticles taken 1, 2, 3, 6, 8 and 10 h after feed was removed. The proportion of particle-associated microorganisms recovered tended to increase with time after feeding. Recovery of 15N at l h was lower (P<0.05) than that recovered from 6 to 10 h after feed removal. Recoveries at 4 and 12 h are not reported since these samples were lost during handling.
Proportions of microbial organic matter contained in the two populations are presented in Table 2 . Fluid microbial mass ranged from 8.9 to 12.5 mg OM/mL SRF with no differences (P>0.10) observed due to time after feeding. Particle-associated microbial mass was 2.3 to 4.4 times greater (P<0.01) than that in the fluid fraction (Table 2) . Also, differences (P<0.05) with time after feeding were observed in the paniculate fraction. The largest amount of microbial organic matter was observed at 1 h (47.5 mg) and lowest at 10 h after feed removal (20.6 mg). The sum of fluid and particulate microbial mass at each time reflects total microbial mass of rumen contents. Total microbial organic matter/mL SRF equivalent ranged from 58.3 mg at l h to 29.5 mg at 10 h after feed removal. This decrease was similar to that observed in the particulate phase, since 70 to 80% of the total mass was attributed to the par ticulate phase (Table 2) .
Changes in rumen levels of ammonia and total free amino acids correspond to changes in particle-associ ated microorganisms (Fig. 2) . Ammonia concentrations peaked l h after feed removal (P<0.01) and returned to (18.8I5(26.8) (28.8) (29.3 'The 2 cows were allowed to consume feed for 1 h. 2The quantity of particle-associated microorganisms was calcu lated using respective recovery values in Table 1 and the equation described in the Materials and Methods section. 3Means in columns not sharing a common superscript are different (P<0.05).
"Sum of fluid and particle-associated microorganisms. 5Values in parentheses represent percent of the total microbial OM associated with each fraction. levels similar to prefeeding levels by 6 h (P>0.10). Total free amino acid concentrations were highest when feed was removed (P<0.01) and returned to prefeeding levels by 3 h after feed was removed. Rumen free amino acids are normally low (21), similar to the levels observed from 3 to 12 h after feeding in this study. The high concentration (15 mM) obtained at time of feed removal (l h after initiation of feeding) was due to high levels of free amino acids contained in the haylage (approxi mately 0.7% of dry matter). Nitrogen content of squeezed particles ranged from BF AF 1 2
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FIGURE 2 Change in rumen fluid ammonia (â€¢) and total free amino acids (â€¢) before feeding (BF), l h after initiation of feeding (AF) and various time points after feeding. Pooled SEM for ammonia and amino acids were 2.32 and 1.03 ji.mol/mL, respectively.
2.9% (l h) to 2.3% (6 h) during the collection period (Table 3 ). The portion of particle N which was plant N or microbial N was calculated using 15N. The microbial portion was computed by dividing 15N enrichment of particle NAN-15N by that of the deposit from microbes extracted from the same sample. The assumption was made that deposit N represented microbial N, whereas particle N represented plant plus microbial N. Using this approach, microbial N was estimated to be 50 to 65% of total particle N. Microbial N (product of g par ticle N and % microbial N) ranged from 1.3 to 1.8 g/ 100 g particle DM, with no detectable changes (P = 0.10) due to time of collection (Table 3 ). Plant N ranged from 1.40 (2 h) to 0.86 g/100 g DM (10 h), and tended to decrease linearly (P<0.08) with time after feeding. The actual amount of plant protein degradation cannot be computed in this study since DM disappearance from the rumen, due to passage or digestion, was not meas ured.
The ratio of microbial N associated with particles (Table 3 ) to microbial N in the deposit prepared from extracted microorganism provides an estimate of the amount of particle DM that is microbial (Table 4) . Dur ing the collection period, microbial DM ranged from 17 to 30% of the rumen particle dry matter. The per centage microbial DM obtained at l h was higher (P<0.05) than those obtained from 2 h to 10 h after feed was removed.
DISCUSSION
The procedure used to remove paniculate microor ganisms consisted of chilling, use of a surfactant and multiple extractions. Each of these steps has been shown to contribute to removal of paniculate bacteria and protozoa (7, 15, 22) . However, little is known about the 'The 2 cows were allowed to consume feed for 1 h. 2Percent of paniculate nitrogen that was microbial. Determined by division of 15N enrichment of paniculate nonammonia nitrogen by that of microbial deposit nitrogen.
3Product of particle nitrogen fg/100 g] and microbial nitrogen (%). "Difference between particle nitrogen and microbial nitrogen. 'The 2 cows were allowed to consume feed for 1 h. 2Microbial nitrogen per 100 g of particle or deposit dry matter, respectively. 3Means in column not sharing a common superscript are different |P<0.05).
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proportion of total microbial OM removed using these procedures. Results from this study indicate that, al though an extensive extraction procedure was used, only 32-52% of particle-associated microbes was re moved. Also, the percentage of microbes removed tended to be lowest soon after feeding. These findings agree with the suggestion of Leedle et al. (17) that microbes attach tenaciously to forages soon after feeding. One possible reason for the lower amount of removal in this study is that many more microbes were attached at the earlier times ( Table 2 ). The absolute amount of OM removed was not lower at earlier times. Approximately 15 mg OM/mL SRF equivalent was removed 1 h after feed was removed, decreasing to 10 mg OM/mL SRF, 10 h after feed removal (data not shown).
Fluid microbial OM did not change (P>0.10) during the 10 h after feed removal (Table 2) . Others have re ported that microbial mass or numbers, obtained from SRF or blended WRC, either did not change or decreased soon after feeding (17, 23) . Observations such as these and other measurements (e.g., RNA-to-protein ratios) have led researchers to conclude that microbial growth is slow (near stationary phase) in the rumen (24, 25) . In this study, changes in fluid microbial OM did not reflect the changes observed with particle-associated microbial OM. In addition to greater OM (mg/mL SRF equivalent) at all times, particle-associated microbial mass declined with time after feeding. Particle-asso ciated microbial OM was highest 1 h after feed removal and lowest at 10 h after feed removal. This change in microbial OM suggests that microbial attachment to feed is rapid and indicates that microbial mass asso ciated with particles increases in response to feeding. Microbial mass, as measured in this study, cannot be used to quantify number or type of viable microorga nisms present. However, it is probable that the increase in microbial mass reflects, in part, an increase in mi crobial numbers. In vitro doubling times of 2 h or less have been reported for some strains of ruminai bacteria (26, 27) . Chemical analyses of the microbial samples in this study indicated there was a rapid change in cell composition after feeding (16) . Nonstructural polysaccharide (expressed as glycogen equivalent) of particulate fraction increased from 11 to 34% of OM while crude protein decreased from 57 to 40% of OM. Al though results from this study do not provide infor mation on specific causes for changes in microbial mass due to feeding, it is apparent that particle-associated microorganisms, as well as fluid microorganisms, should be quantitated when rumen microbial measurements are made.
Particle-associated and total microbial OM were maximal at approximately the same time as when max imal rumen concentrations of ammonia and total free amino acids were observed (Fig. 2) . The relationship between these metabolites to attachment and growth is not known. Maeng and Baldwin (28) observed that addition of free amino acids to rumen contents in vitro increased microbial cell yield by 87-156%, l h after dosing. The high levels of free amino acids observed in this study were due to feeding large amounts of high protein silage. It is possible that high concentrations of free amino acids occurring ruminally may increase cell yield and/or attachment.
Since a large proportion of particulate N was micro bial (50 to 65%, Table 3 ), losses of plant N due to diges tion were masked. Therefore, techniques used to meas ure N disappearance from solids must consider microbial N contamination.
This may account for apparent in creases in N of certain feedstuffs after short-term in situ incubations (29) .
In this study, 15N ratios were used to estimate the proportion of particle N that was microbial. In using these ratios, the assumption is made that there is little or no plant contamination in microbial deposits. The amount of error is dependent on plant N contamination rather than plant DM contamination. Using data from this study, a 10% contamination from plant material containing 2% N would reduce the actual proportions of microbial N in total particulate N only 3 to 4% (Table 3) . When plant N contamination is minimal, 15N enrichment ratios may be used to estimate microbial N contamination of particles. These ratios may also be used to measure microbial DM, as conducted in this study; however, the validity of this approach will de pend on the extent of plant DM contamination in the microbial deposits.
